The kinetics of certain reactions between methyl halides and anions in water
The rates at which methyl chloride, methyl bromide and methyl iodide react with the hydroxyl and the thiosulphate ions in water have been measured at various concentrations and temperatures. The apparent energies of activation in both series increase in the same direction as the dipole moment of the methyl halide. The results are discussed in terms of a theory of the kinetics of the reactions between ions and polar molecules in solution.
I n t r o d u c t io n
I t is now generally agreed th a t a classical electrostatic energy, E e, forms p art of the total energy which must be acquired by ionic or polar reactants before they can undergo chemical change in solution. On this view, the apparent energy of activation, E a , for reactions between ions and polar molecules should, in general, be pro portional to the electrical moment, jaA, of the polar gro mental evidence on this point seems, however, to be lacking, though relationships exist (Nathan & W atson 1933) between E A and the the molecule a t points remote from the seat of ionic attack. The most th a t can be said from a review of the literature is th a t the molar energies of activation for reactions of alkyl chlorides in hydroxylic media exceed, by about 1 kcal., the energies of activation for reactions of the corresponding alkyl iodides with a common ion. Such is the case, for example, in ethyl-alcoholic solution, with allyl halides reacting with the ethoxide ion (Conrad & Bruckner 1889) and with ethyl halides reacting with the hydroxyl ion (Grant & Hinshelwood 1933) . W ithin the limits of accuracy claimed in these experiments, no difference can be detected between for the bromide and the iodide. I t is true th a t some early work on the kinetics of the reaction of methyl halides with the thiosulphate ion in water (Slator 1904) can be shown to reveal a gradual decrease in E A as we ascend the series, chloride, bromide and iodide, which is also the order of decreasing polarity, b u t the velocity constants upon which the values of E A rest, have, except in the case of methyl chloride, been measu two temperatures only, differing byTo°. Moreover, Slator's data on the reactions of the same ion with the three ethyl-halogeno-acetates fail to reveal any difference between the energies of activation of the bromide and iodide reactions.
The object of the experiments described here is to measure as precisely as possible the energies of activation of the reactions of the methyl halides with the hydroxyl ion, CH3X + OH--> CH3OH + X~, [ 540 ] in aqueous solution, and to inquire into the way in which they may be related to the dipole moments. Slator's reactions, CH3Z + S20 3 " -> CH3S20 3 + X~, have also been repeated over wider experimental conditions, yielding results which confirm his.
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Solutions of methyl chloride, methyl bromide and methyl iodide were prepared by passing the vapours through water. To these, after heating, were added aqueous solutions of sodium hydroxide or thiosulphate, and the reaction mixture was quickly drawn into a thermostatic, vapour-free reactor which has been previously described (Moelwyn-Hughes 1941) . Known volumes of the solution were expressed a t intervals, chilled and analyzed.
In the first set of reactions, the rates were measured by estimating the alkali consumed and the halogen ion produced. Bromocresol blue was used as indicator in estimating the base, and Volhard's method was used for estimating inorganic halide. The reaction was followed for a time ten times as great as the time of half completion. Generally, the initial concentration a of methyl halide employed was between 30 and 30 millimoles per litre, and the initial concentration b of alkali was, in most experiments, from two to three times as great.
In the second set of reactions, the rate with methyl iodide was measured as previously described for methyl bromide (Moelwyn-Hughes 1941), but most of the runs with methyl chloride were done by removing samples of the reaction solution from beneath undisturbed films of dodecyl alcohol.
K in e t ic a n a l y s is of e x p e r im e n t s w it h t h e h y d r o x y l io n Methyl halides in aqueous alkaline solution react not only with the hydroxyl ion but with the water molecules also. The latter reaction is known to be unimolecular, and the former reaction may be assumed on good grounds to be bimolecular. If denotes the concentration of organic halide which has reacted in time t, we have the following kinetic scheme:
The instantaneous rate of reaction is then given by the differential equation dx dt which gives, on integration, 
Conditions of temperature and concentration m ust be rather carefully chosen in order to allow an accurate evaluation of both kx and k2 from the chemical analyses of a single run. The method is described in a later section. For the present, we note th a t values of kx are already known for the three methyl halides a t all accessible temperatures (Moelwyn-Hughes 1938 a). I t is therefore convenient to define a drifting term k2 by means of the relation
T a b l e 1. B im o l e c u l a r v e l o c it y c o n s t a n t s f o r t h e r e a c t io n s o f t h e I t has been assumed in this treatment that the hydrogen ion formed by reaction (1) instantly reacts with the hydroxyl ion. Equations (4) and (5) consequently lose their physical significance when a is greater than 6. An evaluation of the constants 36-2 kx and k2 from analyses of systems containing higher concentrations of organic halide than of alkali is, however, not excluded. In such experiments, the early p art of the reaction, while the solution is still alkaline, is rapid. After the neutrality point, it becomes slow, and indistinguishable from the hydrolysis of the methyl halide in water containing some salt. The results of the early portion of a typical experiment, in which 10 ml. samples were analyzed for alkali and halide ion, are given in table 3. The most convenient method of evaluating the constants is to define a drifting term, k'x, by the relation ,
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Comparison with equation (3) shows th a t k l^^ + k^b-x).( 11)
The values given in the last column of table 3 conform with this linear relationship. The intercept gives kx -2*64 x 10-5 sec._1, which compares favourabl determined directly and in the absence of alkali, which a t this tem perature is 2-56 x 10~5sec.-1 (Moelwyn-Hughes 1938a). From the gradient of equation (11), we obtain k2 = 8*56 x 10~31./mole-sec. I t is worth noting th a t, on account of a zero time error, such concordance in the results could not have been achieved had we evaluated the constants as a function of time rather than of concentration.
Experiments in this category were carried out in order to see whether the hydro lytic reaction retains its unimolecular character in the presence of alkali, and to measure the effect of concentration of organic halide on the rate. The first point seems to be well enough established. By varying the concentration of methyl iodide as far as is possible between the upper limit imposed by its solubility and the lower limit consistent with reliable analysis, no effect due to the concentration of methyl halide could be detected (table 4) by the present technique. In the region covered, a four-fold change in the concentration of either reactant does not affect the velocity coefficient by more than 4 %. This finding is in agreement with anticipation, for great dilution effects are uncommon in the case of reactions between ions and polar molecules in hydroxylic media. The small effect is now being investigated by a conductivity method. 
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D e t e r m in a t io n o f t h e e n e r g ie s of a c t iv a t io n
The apparent energy of activation, defined by the Arrhenius equation ( 12) is found to be a constant for each of the reactions studied, within the accuracy and temperature range of the experiments. The data can thus be represented in the form
where A is a second constant. The applicability of this relation is shown in table 5.
The numerical values of A and EA are given in a later section (table 9) . 
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W ith the concentrations of halide and salt used in this work, which were roughly 20 and 50 millimoles/1., respectively, the extent of reaction with the solvent is slight. The exact value a t 317-24° K, for example, is 1-2 % of the halide initially present. For this reason, the side reaction can be ignored, and equations (6), (7) and (5) assume simpler forms:
oc -k (b -a) (14) As the bimolecularity of this reaction has already been proved (Slator 1904) , only one set of data is given, to illustrate the kind of result obtained by the different technique adopted in the present work (table 6) . The more extensive data on the temperature effect, however, are summarized in full, as this was the object of the repetition (table 7) . The two sets of results agree as well with each other as the difference in the experimental procedures allows.
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The direct determination of small-energy differences
Because the difference between the energies of activation is relatively small, the following scheme has been tried, in order to eliminate the errors arising from the measurement of time and temperature, leaving only errors due to chemical analysis. A solution containing roughly the same concentrations of both methyl bromide and methyl iodide was allowed to react with more than sufficient alkali to convert both into the alcohol. 
On analyzing reaction samples for iodide ion and total inorganic halide and testing equation (17), it was found that the ratio k2jki increased steadily during the run until it finally becomes almost double its initial value. The values of the ratio extra polated to zero concentrations of x and y compare well with those obtained from runs where the halides were allowed to react separately with alkali (see table 8), and indicate a value of about 400 cal. for A EA,which is the l summarized results given in table 9. The failure of equation (17) in the present case is due to the interaction of the products, according to the scheme CH3I + B r~^C H 3Br + 1", pf which the forward reaction is faster than, and the reverse reactions lower than those under investigation (Moelwyn-Hughes 19386) . Owing to this circumstance, the method is deprived of its accuracy in the present case, but it is proving helpful in other experiments where the attacking ion replaces both halogen atoms more rapidly than they can replace each other. b l e 8. T h e c o m p a r a t iv e r a t e s o f r e a c t io n o f m e t h y l b r o m 
D is c u s s io n
These experiments establish the fact th at, in the substitution of the hydroxyl ion for the halogen atom X in the reactions OH" + CH3X -> CH3OH + X~, the energy of activation in aqueous solution increases as the dipole moment of the methyl halide increases (figure 1). Moreover, as could have been anticipated, the increase is greater for the smaller molecules. Ignoring this difference, and allowing the widest scope to the errors of experiment, the results are broadly summarized by the equation f at a u a 1 k 1 '. / i a 1 _ 1 10-7 ±8-6.
(
In terms of a theory of electrokinetic effects attending reactions between ions and polar molecules in solution (Moelwyn-Hughes 1936) , the bimolecular velocity constant is given by the formula:
where Z is the number of collisions between ions and molecules per second in unit volume of solution when they are present a t a standard concentration. E n and E e are, respectively, the non-electrostatic and the electrostatic components of the energy of activation. As the latter varies inversely with respect to the dielectric constant D which generally depends on tem perature according to Abegg's law,
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it follows from equation (12) that the observed energy of activation is
EA = En+ (l-L T )E e. (22)
The derivation implies that Z and En are independent of in terms of the valency zB of the ion, the dipole moment of the r their distance apart ac in the critical configuration, and the angle 6 subtended by the ion from the positive end of the dipole:
N0 is the Avogadro number, and e the electronic charge. Hence, General arguments based on the optical inversion which accompanies such sub stitutions at an asymmetrically saturated carbon atom (Bergmann, Polanyi & Szabo 1933) suggest that 6 in the present reactions is less than 90°, i.e. that the ion approaches the positive end of the molecule. Cos 0 may thus be assumed positive. If we attribute the change in E ' A to electrostatic effects, and thus regard E n as constant, there are two courses open, according to the choice of dielectric constant. If, in the first place, we accept the value for water, the term (1 -LT ) at 25° C is found to be -0*38. Since zB is -1, the second term in equation (24) becomes posi tive, in agreement with experiment. Its magnitude, however, is so low (0*08 kcal.) as to render it insignificant. The numerical estimate is based on a value of 2*75 A for ac, which, determined kinetically in previous work on the reaction between methyl bromide and the thiosulphate ion, is probably too high. If, in the second place, we take D as unity, and L consequently as zero, the second term of equation (24), using the same value of ac, becomes -16*28 kcal., which is of the right order of magnitude but of the wrong sign. We are thus faced with the same dilemma as has appeared in a study of the kinetics of reactions between polar molecules in non ionizing media, where the electrostatic contribution to the energy of activation is positive though, on chemical grounds, we have every reason to suppose th a t the reactants aline themselves in such positions th a t the interaction energy is negative (Moelwyn-Hughes 1947) . The method of resolution attem pted in th a t case is, it is thought, sufficiently plausible to justify its application to the present problem.
Let it be supposed that, contrary to what is adm ittedly required in a complete formulation, the total energy u of interaction between the ion and the dipole can be represented as a function of their separation a according to the equationf
The equilibrium separation ae and the energy ue of the system corresponding to it, are obtained from the condition governing a minimum energy, and are given by the relations "7 _ M/2B> (26) and By eliminating A and B, equation ( 
u/ue ) as a function of 1 -( a j a) is shown in figure 2 . A datum from extra-kinetic sources is required for the numerical evaluations, and may be obtained by accepting the therm al value for the minimum energy of interaction ue of the hydroxyl ion with a single water molecule. Because of the difficulty in computing the lattice energy of the alkalies, this value is not known directly. The fluoride ion, however, is structurally so similar to the hydroxyl ion th a t we can assume the heats of hydration of both to have a common value. I f the co-ordination number is 6, then the value required ( ) is -(£) times the molar heat evolved during the dissolution of the fluoride ion in water. We thus have -N0ue = 20*7 kcal./gram-ion (Latimer, Pitzer & Slansky 1939) . On combining this datum with the theoretical expression for the attraction constant, which, when " 18 Zer°' k B = v * (29) the repulsion constant is found to be A = 4*51 x 10~82erg-cm.9,
f The sym bol A in this equation, and subsequently, denotes the intrinsic repulsion constant, and is not to be confused w ith the Arrhenius constant of equation (13).
which compares well with the values of 3-50 x 10-82 and 4*00 x 10~82 obtained, respec tively, for the N e ... Ne pair from data on gases and for the F -... Na+ from data on crystals (Lennard-Jones 1936) . As the repulsion in all cases is exerted between the hydroxyl ion and the methyl group of atoms, this value of A is adopted for the three methyl halides. Equilibrium distances ae and minimal energies ue are now readily obtained (table 10) . Similarly, by identifying the interaction energy uc of the critical system with the experimental figure for E A/N0, the critical separations ac are found (see arrow in figure 2). They are seen to be about f times the equilibrium separations. By combining equations (27), (28) and (29), the energy of the critical complex may be expressed in the form
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The term in the square brackets, which is given in table 10 as f( a ja c) , lies in the region 0*95 ± 0*05 for the three reactions; hence,
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On this basis, we obtain, after a conversion of units,
which, in respect of magnitude and sign, agrees with experiment. I t may be inci dentally noted th a t u j| -ue | is approximately The number of collisions, under standard conditions, between molecules and ions of reduced mass m* approaching each other with relative velocities exceeding the critical value, may be taken as Reference may be made here to the effect of the same polar groups on the energies of activation of reactions between the hydroxyl ion and para-substituted ethyl benzoates in aqueous alcoholic solution, which, compared with the present values of dEA/d/iA, is smaller by a factor of 13, and acts in the opposite direction (Ingold & N athan 1936; Evans, Gordon & W atson 1937) . In these reactions, however, the polar groups in the para position do not undergo chemical change influence across the ring on the interaction of the hydroxyl ion with the polar group a t its other end. The remoteness of the substituted group accounts for the smallness of the effect. The term (1 -L T ) in such a case, though not known exactly, m ust have a positive value lying between unity, for vacuo, and 0-74 for benzene. Equation (24), with a constant value of E n, is thus applicable, as has been shown in various ways (Moelwyn-Hughes 1936; Jenkins 1939) .
A n a l t e r n a t iv e m e c h a n is m o f a c t iv a t io n
The general dynamical interpretation of the energy of activation (Heitler & London 1927 ) has been, after considerable and necessary modification, applied to reactions between ions and polar molecules in solution (Ogg & Polanyi 1935) . The dominant idea is that, after removing a solvent molecule from the way, making an appropriate adjustm ent in energy, the critical increment of energy is chiefly ex pended in overcoming the strong repulsion exerted between the ion and the molecule a t the close distances required for chemical change. This also is the idea which, in a more direct, bu t possibly less accurate, manner has been employed in the present treatm ent.
Work done recently in this laboratory in collaboration with Mr R. Hurst has suggested the possibility of another interpretation, which is th at the energy of activation for certain reactions between ions and polar molecules in solution consists principally in the energy required to remove a solvent molecule from the fairly firm shell formed around the ion. If the critical increment of energy were exclusively th at needed in this partial desolvation, it could be argued th at the energy of activation of all reactant molecules with a common ion should have the same value, which is contrary to experience. A similar process of liberation from the solvent molecule thus seems necessary, though probably on a smaller scale, for the solute molecule. Two methods suggest themselves for pursuing the idea. The process of activation can be dynamically formulated as the withdrawal of a solvent molecule, in the field exerted by the solute molecule, from contact with the ion. Alternatively, statistical expressions can be derived for the fractional numbers of solute particles, both ions and molecules, which have neighbouring sites unoccupied by solvent molecules, and which are, on account of their incomplete solvation, more disposed to chemical reaction.
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